Abstract-Considering a dual-hop energy-harvesting (EH) relaying system, this paper advocates novel relaying protocols based on adaptive time-switching (TS) for amplify-and-forward and decode-and-forward modes, respectively. The optimal TS factor is first studied, which is adaptively adjusted based on the dual-hop channel state information (CSI), accumulated energy, and threshold signal-to-noise ratio (SNR), to achieve the maximum throughput efficiency per block. To reduce the CSI overhead at the EH relay, a low-complexity TS factor design is presented, which only needs single-hop CSI to determine the TS factor. Theoretical results show that, in comparison with the conventional solutions, the proposed optimal/low-complexity TS factor can achieve higher limiting throughput efficiency for sufficiently small threshold SNR. As the threshold SNR approaches infinity, the throughput efficiency of the proposed optimal/low-complexity TS factor tends to zero in a much slower pace than that of the conventional solutions. Simulation results are presented to corroborate the proposed methodology.
I. INTRODUCTION

I
N THE late 19th century, Nikola Tesla experimentally demonstrated wireless energy transfer (WET). After that, in the majority of the subsequent developments of wireless communications techniques, the emphasis was placed on information transmission instead of energy transfer. Until recently, the seminal work of [1] shed some light on the importance of wireless energy/power transfer in wireless communications systems. In particular, simultaneous wireless information and power transfer (SWIPT) was highlighted [2] . Since then, the rate-energy tradeoff has been investigated considering various point-to-point network setups, such as singleinput-single-output (SISO) [3] - [5] , single-input-multipleoutput (SIMO) [6] , multiple-input-single-output (MISO) [7] , and multiple-input-multiple-output (MIMO) [8] , [9] . To make SWIPT feasible in realistic communications systems, [3] designed two novel receiver architectures, namely, the timeswitching (TS) based and power-splitting (PS) based receivers and investigated their rate-energy tradeoffs. Focusing on the PS architecture, [6] proposed a dynamic PS approach which can split the received signal into two streams with adjustable power levels for information decoding and energy harvesting separately based on the instantaneous channel condition.
In addition to the aforementioned point-to-point network setups, the concept of SWIPT has also been extended to cooperative diversity systems. In this regard, based on the TS and PS receiver architectures, [10] designed two amplify-and-forward (AF) relaying protocols and analyzed their throughput performance. Making use of a PS-based energy-harvesting (EH) receiver architecture, [11] studied the power allocation strategies at the EH relay to assist the information transmission among multiple source-destination pairs. In [12] , by using a stochastic geometry tool, the authors investigated the performance of a network with a random number of transmitter-receiver pairs, where the PS-based receiver architecture was employed. By taking the spatial randomness of user locations into account, the authors of [13] characterized the system outage probability of an EH relay system with multiple source-destination pairs. In [14] , a threenode cooperative network with an EH relay was studied and a fundamental switching between EH and data relaying was introduced. In [15] , the authors investigated a relay network where source and relay harvest energy from the access-point during the downlink phase and cooperate during the uplink phase, and then proposed a harvest-then-cooperate protocol based on the TS-based EH receiver. In [16] , by modeling the charging/discharging behavior of the battery as a two-state Markov chain (fully charged or empty), the author investigated the outage performance of several relay selection schemes. For a multi-relay cooperative network, [17] assumed that each EH relay may operate in EH mode or in information forwarding mode during each transmission block, where each transmission block is composed of two time slots with fixed length and 0090-6778 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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the first time slot is used to harvest energy in EH mode. Reference [18] proposed a relay selection scheme considering both channel state information (CSI) and battery status of EH relays, where the transmit power at relay is fixed and identical for all EH relays. In [19] , a distributed PS framework using game theory was developed, which was then extended to the more general network setting. Very recently, in order to allow energy accumulation at the EH relay, [20] designed several TS-based EH relaying protocols, where the energy constrained relay continues to harvest energy from the radiofrequency (RF) signal transmitted by the source until it has harvested adequate energy to transmit the source's information with a fixed preset transmit power. Particularly, it was shown in [20] that the proposed protocols outperform the existing fixed-time duration EH protocols owing to the online switching between EH and information transmission (IT). Even though the proposed protocols in [20] dynamically adjust the time duration of EH operation at the relay to support a TS-based IT, the system throughput efficiency cannot be effectively guaranteed due to the random fluctuation of wireless fading channels. Specifically, the fixed transmitpower setting at the relay cannot avoid the information outage when the second-hop channel is in deep fading. Motivated by this, in this paper we aim to design robust EH relaying protocols with adaptive TS factor and transmit power setting at the EH relay, which can achieve a superior throughput efficiency compared with the conventional solutions. The main contributions of this work can be summarized as below:
i) Considering continuous-time EH, we propose two TS-based EH relaying protocols for AF and decode-andforward (DF) modes, respectively. Our results show that the TS factor and the transmission power at the relay should be jointly designed to achieve an optimal throughput efficiency, and that optimizing the TS factor alone is inadequate as performed in the literature.
ii) Representative numerical examples are shown to illustrate the superior performance 1 of the proposed optimal TS factor setting over conventional ones. For both AF and DF modes under typical operation conditions, to achieve a throughput efficiency of 0.4, the proposed optimal TS factor design can provide more than 8.6 dB threshold signal-to-noise ratio (SNR) gain 2 over the conventional solutions, whereas to attain a throughput efficiency of 0.3, the proposed protocols promise a threshold SNR gain of more than 5.8 dB over the conventional ones.
iii) To reduce the CSI overhead at EH relay, we further present low-complexity TS factor design for AF and DF 1 Owing to the remarkable performance advantage, the proposed optimal TS factor setting can tolerate a higher threshold SNR requirement at the destination to achieve the same throughput efficiency with the conventional protocol. In addition, the proposed low-complexity TS factor setting serves as a beneficial supplement to the optimal TS factor setting to achieve the limiting throughput performance for sufficiently small threshold SNR. This allows the proposed protocols to tolerate a tougher threshold SNR requirement to achieve excellent throughput performance, leading to potential applications in transmission reliability-critical EH relaying scenarios.
2 To achieve the same throughput efficiency, a good TS factor setting can tolerate a higher threshold SNR requirement. Hereafter, we refer to this additional threshold SNR margin as threshold SNR gain. modes, respectively. To gain insights into the performance difference between the proposed protocols and the prior ones, it is important to capture the scaling law of the throughput efficiency. For such, by invoking an asymptotic analysis based on the inequality (x + 1) −1 e −x < E 1 (x) [23, Eq. (5.1.19)], we are able to disclose the scaling law of the throughput efficiency for the conventional protocols as well as the proposed ones. Theoretical analysis reveals that for a sufficiently low threshold SNR, both the optimal and the low-complexity TS factor setting can achieve a limiting throughput efficiency of 0.5, whereas the counterpart of the conventional solutions is less than 0.5. On the other hand, as the threshold SNR goes to infinity, the throughput efficiency of both the optimal and the low-complexity TS factor setting approaches to zero in a much slower pace than that of the conventional solutions.
II. SYSTEM MODEL AND PROPOSED EH RELAYING PROTOCOLS
In this section, for both AF and DF relaying modes, we first present the system model and the conventional EH protocols, based on which the proposed EH protocols are introduced. For both AF and DF relaying modes, the information transmission is organized into blocks and each block has a time duration of T seconds. In addition, slow fading channels are assumed such that the channel coefficients remain constant during one block.
A. AF Relaying
Herein, we first present the system model for the TS-based AF relaying. Then, we introduce the conventional TS-based AF relaying protocol, inspired by which we propose our new adaptive TS-based AF relaying protocol.
1) System Model: For AF relaying, the received signal at the relay node can be expressed as
where i denotes the block index, d 1 is the distance between source (S) and relay (R), m is the path loss exponent, P s denotes the transmit power at source, h i represents the Rayleigh 3 faded channel coefficient of the first-hop link S → R, s i denotes the normalized signal from source, n r,i indicates the additive white Gaussian noise (AWGN) at the relay node with variance σ 2 n r . For each block, the AF relay first harvests energy from the source such that during IT time it could forward the received signal to the destination with transmit power P r . Specifically, the transmitted signal at the EH relay is given as
Then, the received signal at the destination can be written as . Therefore, the received SNR at the destination can be written as
where
). Note that the i -th block will suffer from outage if the received SNR at D falls below a given threshold SNR γ 0 . As a result, the outage indicator can be defined as
where I(·) equals to 1 if its argument is true and equals to 0 otherwise, as in [20] .
2) Conventional TS-Based AF Relaying Protocol:
For each block, the EH operation takes up the first α i T seconds, where α i denotes the TS factor belonging to [0,1]. As such, the newly harvested energy within the i -th block is
, where η denotes the energy conversion efficiency. 4 During IT time, half of the time
is used for S → R IT, and the remaining half time is used for R → D IT. In this protocol, the relay only harvests that much energy within each block that is required for its relaying transmission [20, such that at the end of each block the remaining energy will be zero. Since all of the harvested energy during EH time will be consumed during IT time, it is ready to determine the TS factor α i as [20, eq. (8) ]
Based on (5) and (6), the throughput efficiency of the i -th block can be written as
Although the TS factor setting in (6) guarantees that all the harvested energy during the EH time is utilized to support IT, it follows from (7) that such a TS factor setting can not boost the throughput efficiency. This is because the TS factor in (6) is based on a constant transmit-power setting at relay (P r ) which cannot effectively reduce the outage events as defined in (5). 4 The energy conversion efficiency η can be considered as an equivalent energy conversion efficiency which is a product of two quantities, i.e., η = ζη. Herein,η denotes the energy conversion efficiency of the RF-to-DC circuit, and ζ represents the proportion of the harvested energy which is used for the transmit power at EH relay. This equivalent energy conversion efficiency is applicable to both AF and DF modes.
This motivates us to design a robust TS-based AF relaying protocol.
3) Proposed TS-Based AF Relaying Protocol: For a given threshold γ 0 , to avoid the information outage, it is required that γ d,i ≥ γ 0 , which in turn leads to
which means that for γ sr,i < γ 0 , (8) becomes an impossible event (i.e., information outage definitely happens), 5 whereas for γ sr,i ≥ γ 0 , we have
Inspired by this, the transmit power of the EH relay can be determined as
Therefore, if the transmit power P r at the EH relay is set toP r , the information outage will not happen between source and destination, provided that γ sr,i ≥ γ 0 . Note that if the transmit power P r at EH relay is further increased overP r , the available time proportion for IT (1 − α i ) will be reduced such that the block-wise throughput efficiency will decrease accordingly. Consequently, with respect to the block-wise throughput efficiency,P r is actually the optimal transmit power at the EH relay. All the harvested energy will be consumed for the ensuing IT in the current block such that the optimal TS factor α i can be written as
whereP r is given in (9) . Then, the newly harvested energy within the i -th block isα i T (η P s |h i | 2 /d m 1 ), while at the end of the i -th block, no energy remains.
Remark 1: With regard to the CSI requirement, the conventional TS factor setting in (6) requires the EH relay to keep track of the first-hop CSI |h i | 2 . In addition to the first-hop CSI, our proposal also requires the EH relay to keep track of the second-hop channel to calculate the TS factor and the transmit power at EH relay. To achieve this, the overhearing of the clear-to-send (CTS) packet from the destination can be invoked at the EH relay, as in [21] . It is noteworthy that this additional CSI requirement at relay is worthwhile and will significantly improve the throughput efficiency as shown by the numerical results in Section V.
For the proposed TS-based AF relaying protocol, the throughput efficiency of the i -th block can be written as
B. DF Relaying
In this part, we first present the system model for TS-based DF relaying. Then, we describe the conventional TS-based DF relaying protocol. Finally, we introduce a new TS-based DF relaying protocol.
1) System Model:
For DF relaying, the received signal at the relay node is still given by (1) . During IT time of the i -th block, the received signal at the destination can be expressed as
Then, based on (1) and (12) , the SNR at relay and destination are given by
As a result, the outage indicator of the i -th block 6 can be written as in (5) with γ d,i given by (13) .
2) Conventional TS-Based DF Relaying Protocol: In this protocol, similar to AF mode, the EH relay merely harvests that much energy within each block that is required for IT. In the case of information outage at the relay node (i.e., γ r,i < γ 0 ), the whole block will be dedicated to EH. Accordingly, three types of EH-IT pattern are possible for the conventional TS-based DF relaying protocol [20, Sec. IV.B].
a) The first type contains only a single EH-IT block, similar to the AF mode. For the single EH-IT block, by denoting the available harvested energy at the start of the i -th block as E i (0), we have E i (0) < P r T /2 and the first portion of the block time α i T is used to EH, while the remaining portion of the block time (1−α i )T within the i -th block is utilized for IT.
b) The second type contains n consecutive EH blocks due to relay outage, before an EH-IT block. In this case, the energy is accumulated during the EH blocks and only reaches the required level sometime during the EH-IT block. Within the EH-IT block, the accumulated energy is then consumed for IT such that the initial energy of the next pattern equals to zero, i.e., E o = 0.
c) The third type contains n consecutive EH blocks due to relay outage, before an IT block. In this case, the energy is accumulated during the EH blocks and exceeds the required level for IT. As a result, this type of EH-IT pattern is composed of n EH blocks followed by an IT block, and the initial energy of the next EH-IT pattern satisfies to E o > 0.
Consequently, the accumulated energy at the time instant α i T during the i -th EH-IT block is given by
Then, the TS factor α i and E i (T ) for the i -th block can be determined as
6 As stated in [20] , the case γ r,i < γ 0 is not part of the outage indicator for DF relaying, since the whole block will be in EH mode instead of IT mode in this case. In addition, the TS factor setting defined afterwards guarantees that the throughput efficiency of the current block will be zero under such scenarios.
in whichā
. Therefore, the throughput efficiency of the i -th block can be expressed as
where α i and I o,i are defined, respectively, as in (15) and (5), with γ d,i given by (13) . Notably, for the conventional TS-based DF relaying protocol, neither the TS factor setting in (15) nor the constant transmit-power P r at relay takes into account of the secondhop fading channel (i.e., g i ), which leads to a high-risk secondhop information transmission. Thus, it follows from (17) that the throughput efficiency can not be effectively guaranteed. This inspires us to design a robust TS-based DF relaying protocol.
3) Proposed TS-Based DF Relaying Protocol:
To guarantee that the second-hop link does not suffer from information outage, the following inequality must hold
Remark 2: As shown in (18), the EH relay needs the secondhop CSI. This additional CSI overhead will be well paid off in the form of a remarkable throughput enhancement. In addition, the second-hop CSI can be acquired by the EH relay in the same way as in the AF mode [21] , [22] .
Accordingly, the TS factor of the proposed TS-based DF relaying protocol can be expressed as
It follows from (19) that the newly harvested energy within the i -th block
. Therefore, at the end of the i -th block, the remaining energy can be written as
Finally, for the proposed TS-based DF relaying protocol, the throughput efficiency of the i -th block can be formulated as
III. THROUGHPUT ANALYSIS
A. AF Relaying Proposition 1:
The throughput efficiency of the proposed TS-based AF relaying protocol with continuous-time EH can be derived as
where ξ is given by
in which 7
In addition, a tight upper bound of the throughput efficiency can be written as
where ξ LB is given by
Proof: Please refer to Appendix A. Corollary 1: For the proposed TS-based AF relaying protocol with continuous-time EH, the throughput efficiency can be approximately expressed as
Then, a simplified approximation to (26a) can be written as
It follows from (26b) that as γ 0 → 0, the throughput efficiency approaches to 0.5, whereas as γ 0 → ∞, the throughput efficiency scales as
Proof: Please refer to Appendix B.1.
Corollary 2:
For the conventional TS-based AF relaying protocol with continuous-time EH, as γ 0 → 0, the throughput efficiency can be approximated as
On the other hand, as γ 0 → ∞, the throughput efficiency can be approximately written as
whereā is the same as before, u =
Proof: Please refer to Appendix B.2. Remark 3: It follows from (26b) of Corollary 1 that as γ 0 → 0, the throughput efficiency of the proposed TS-based AF relaying protocol approaches to 0.5, which is the limiting throughput efficiency for half-duplex relaying. In contrast, Corollary 2 manifests that as γ 0 → 0, the throughput efficiency of the conventional protocol is less than 0.5. On the other hand, it follows from Corollary 1 that as γ 0 → ∞, the throughput efficiency of the proposed protocol scales as 1 γ 0 e −ā . Whereas for the conventional TS-based AF relaying protocol, the scaling law of throughput efficiency obeys the law of
, a much higher decaying rate than the proposed protocol. The above limiting performance demonstrates the advantage of the proposed adaptive TS factor setting.
Next, we present a pair of tight bounds for the throughput efficiency, which is summarized in the following proposition.
Proposition 2: For the proposed TS-based AF relaying protocol with continuous-time EH, a pair of tight lower/upper bounds of the throughput efficiency can be formulated aŝ
in whichξ LB andξ UB can be expressed as
Proof: Making use of the inequalities for the exponential integral function E 1 (·) [23, Remark 4: Note that in comparison with (25) , the integrands of (32) and (33) are more complicated, which however can yield tighter throughput bounds. In addition, the integrands in (32) and (33) are merely composed of elementary functions, e.g., exponentials and logarithms, which are easy to calculate numerically.
B. DF Relaying
In this subsection, we first present a tight bound for the throughput efficiency of the conventional TS-based DF relaying protocol with continuous-time EH. Based on this bound, we characterize the throughput efficiency of the proposed TS-based DF relaying protocol.
Proposition 3: For the conventional TS-based DF relaying protocol with continuous-time EH, a tight lower bound of the throughput efficiency can be written as
where I 0 , I 1 , and I 2 can be expressed, respectively, as
where the variates ϕ 1 , ϕ 2 , ϕ 3 , and ϕ 4 are given, respectively, by
in which we have q 1 min ā,
Proof: Please refer to Appendix C. Corollary 3: For the conventional TS-based DF relaying protocol with continuous-time EH, as γ 0 → 0, the throughput efficiency can be approximately written as
Whereas as γ 0 → ∞, the throughput efficiency can be approximately expressed as
. Proof: Please refer to Appendix D. Remark 5: (i) It follows from Corollary 3 that for a constant transmit power P r [20] , as γ 0 → 0, we haveā → 0 andb → 0 such that the throughput efficiency approaches (37), which is less than 0.5.
(ii) As γ 0 → ∞, it follows from (38) that the throughput efficiency tends to zero with a scaling law of e −(C 1 +C 2 )γ 0 .
Similar to the AF relaying, the lack of the second-hop CSI knowledge in the setting of TS factor and relay's transmit power cannot guarantee a reliable dual-hop transmission. In contrast, by monitoring the second-hop CSI, our proposal could cut down the information outage, improving therefore the throughput performance. In the following, the throughput efficiency of the proposed TS-based DF relaying protocol will be characterized.
Proposition 4: For the proposed TS-based DF relaying protocol with continuous-time EH, a tight lower bound of the throughput efficiency can be written aŝ
whereȊ 0 ,Ȋ 1 , andȊ 2 are given, respectively, by
(1)
1 (e
in which we have
and ϕ (1)
Proof: Please refer to Appendix E. Corollary 4: For the proposed TS-based DF relaying protocol with continuous-time EH, as γ 0 → 0, the throughput efficiency can be approximately expressed as τ ≈ e −2ā 2ā
In contrast, as γ 0 → ∞, the throughput efficiency obeys the scaling law of
where C 1 is the same as before.
Proof 
. Therefore, for the conventional TS-based DF relaying protocol, we can fill the performance gap by enhancing the energy conversion efficiency η, increasing the transmit power at the source, or by decreasing the first-hop path loss.
(ii) As γ 0 → ∞, it follows from Corollaries 3 and 4 that the scaling law (i.e., e −(C 1 +C 2 )γ 0 ) of the conventional TS-based DF relaying protocol is steeper than that of the proposed protocol (i.e., e −C 1 γ 0 ). In other words, in comparison with the conventional protocol, the throughput efficiency of the proposed one decreases to zero in a much slower pace, a desirable characteristic.
IV. LOW-COMPLEXITY TS-FACTOR DESIGN AND ITS THROUGHPUT EFFICIENCY
While the proposed TS-based EH relaying protocols in the previous section can achieve remarkable throughput efficiency gains, it requires the instantaneous CSI of both hops to set the TS factor. In order to alleviate the CSI overhead at EH relay while not severely sacrificing the throughput performance, next we present low-complexity TS factor designs for AF and DF modes.
A. AF Relaying
The basic idea is to find an appropriate substitute for the instantaneous CSI of the second hop. It follows from (9) that a direct substitution of |g i | 2 by its mean (unity) does not yield a good performance. This is because when |g i | 2 varies randomly around its mean, the factor 1 |g i | 2 changes over a very wide range. Alternatively, we treat 1 |g i | 2 as a whole and seek its appropriate substitute. Note that for Rayleigh faded second-hop link, the |g i | 2 conforms to exponential distribution with mean unity, which means that a straightforward replacement of
Fortunately, for a sufficiently small positive quantity ε, we have Pr |g i | 2 < ε = 1 − e −ε → 0. Therefore, we can resort to a sufficiently small positive quantity ε and formulate μ E
Accordingly, the resultant transmit power at EH relay can be expressed as
As in Section II.A, all the energy harvested in the current block will be consumed to boost the throughput efficiency, which yields
. Therefore, the TS factor is given by
It follows from (46) that the newly harvested energy in the i -th block
, while the remaining energy at the end of the i -th block is zero. Notably, the TS factor setting above relies only on the instantaneous CSI of the first hop. As a result, the throughput efficiency of the i -th block can be formulated as
in which I o,i is the same as that in (11) . With the aid of (47), next we present the throughput efficiency of the proposed lowcomplexity TS-factor setting. Proposition 5: For the low-complexity TS-factor setting in AF relaying mode, the throughput efficiency can be expressed as
In addition, a closed-form approximation to the throughput efficiency can be written as
where B 0
Proof: According to the definition of average throughput
, one can achieve (48) by invoking the change of variables. Then, by following a similar procedure to that in Appendix B.1, one can attain (49).
Corollary 5: For the low-complexity TS factor setting in AF relaying mode, as γ 0 → 0, the throughput efficiency approaches to 0.5, whereas as γ 0 → ∞, the throughput efficiency approaches to zero with a scaling law of
Proof: Utilizing the tight lower bound given by [23, eq. (5.1.19)], it follows from (49) that the throughput efficiency can be approximated as τ ≈ On the other hand, as γ 0 → ∞, it is ready to arrive at (50).
Remark 7: Based on Corollaries 2 and 5, it can be observed that as γ 0 → 0, the proposed low-complexity TS-factor setting can achieve a higher limiting throughput efficiency (i.e., 0.5) than the conventional one. On the other hand, as γ 0 → ∞, the throughput efficiency of the conventional TS factor setting is an infinitesimal in comparison with that of the low-complexity TS factor, i.e., lim γ 0 →∞ √ π
In other words, as γ 0 → ∞, the throughput efficiency of the low-complexity TS factor setting approaches to zero in a much slower pace than that of the conventional one.
B. DF Relaying
Inspired by the idea in the design of low-complexity TS factor for AF mode, next we present a low-complexity TS-factor design for DF mode. Similar to AF mode, we replace
, where ε represents a sufficiently small positive quantity. Accordingly, the transmit power at EH relay can be formulated asP
Interestingly,P r is now a statistical average irrelevant to the instantaneous CSI. Therefore, the corresponding TS factor α i can be represented by (19) withP r replaced byP r , i.e., α i = α i |P r →P r . Accordingly, the newly harvested energy in the i -th block is α i T (η P s |h i | 2 /d m 1 ), with α i given above. While the remaining energy at the end of the i -th block is given by (20) , withP r replaced by (51). As thus, the low-complexity TS factor only requires the instantaneous CSI of the first-hop channel. With the aid of Proposition 3, it is ready to attain the throughput efficiency of the low-complexity TS factor for DF mode, which is summarized in the proposition below.
Proposition 6: For the low-complexity TS factor setting in DF relaying mode, a tight lower bound of the throughput efficiency can be expressed as
, and I 0 , I 1 , and I 2 are given by (35a), (35b), and (35c), respectively.
To gain insights of the proposed low-complexity TS factor design, next we characterize the scaling behavior of the throughput efficiency for two extreme cases.
Corollary 6: For the low-complexity TS factor setting in DF relaying mode, the throughput efficiency can be approximated as
In particular, as γ 0 → 0, the throughput efficiency approaches to 0.5, whereas as γ 0 → ∞, the throughput efficiency obeys the scaling law ofτ
Proof: For the low-complexity TS factor setting in DF mode, the first term e −ā−b 2 I 0 | P r →P r in (52) is shown to be a tight lower bound and thus we can focus on this quantity to characterize the throughput efficiency. With the aid of (35a) and [23, eq. (5.1.19)], we can arrive at (53). Then, by jointly considering γ 0 → 0 and ε → 0, it can be confirmed that the limiting throughput efficiency for γ 0 → 0 is 0.5. On the other hand, as γ 0 → ∞, it follows from (53) that (54) definitely holds, which completes the proof.
Remark 8: By comparing Corollary 3 with Corollary 6, we can observe that as γ 0 → 0, the low-complexity TS factor can achieve the limiting throughput efficiency of 0.5, which is higher than that of the conventional solution (Corollary 3). As γ 0 → ∞, the throughput efficiency of the low-complexity TS factor decays to zero in a much slower pace (e −C 1 γ 0 ) than that of the conventional one (e −(C 1 +C 2 )γ 0 ).
V. NUMERICAL RESULTS AND DISCUSSION
In this section, we first demonstrate the accuracy of the throughput expressions of the proposed EH relaying protocols. Then, we compare the proposed EH relaying protocols with the conventional ones. For comparison purposes and without loss of generality, we adopt the same system parameter setting as in [20] . Unless otherwise specified, we set the transmit power at source to P s = 46 dBm, the energy conversion efficiency to η = 0.5, the threshold SNR to γ 0 = 60 dB, the noise variances at the relay and destination nodes to -70 dBm and -100 dBm, respectively. As in [20] , the path loss exponent is set to 3, and the distances 8 between source and relay, and between relay and destination are set to 35 and 10 meters, respectively.
In Fig. 1 , we show the accuracy of the throughput lower bound for the proposed EH-DF relaying protocol, where we can observe that the proposed analytical lower bound is very tight. Fig. 2 further demonstrates the accuracy of the throughput expression for the proposed EH-AF relaying protocol, as shown in Propositions 1 and 2. From the figure, it can be observed that the exact throughput result matches well with the simulations and the proposed lower and upper bounds are sufficiently tight over the whole threshold SNR regions. In particular, the throughput upper bound as presented in Proposition 2 is tighter than the counterpart in Proposition 1. Fig. 3 validates the approximated expressions for the throughput efficiency of the conventional as well as the 8 With regard to the inter-node distance, the distance setup of 35m and 10m for source-relay and relay-destination links reflects the state of the art for indoor sensor network applications. For example, for the mainstream EH receivers (e.g., P2110/P2110B and P1110 of Powercast), the typical singlehop communications distance ranges from several meters to tens of meters. Then, if the direct link between source (e.g., the power and data transmitter TX91501) and destination (e.g., the access point DM240311, a Microchip 16-bit XLP development board) is blocked by some physical obstacles, we can employ the intermediate sensor node (e.g., WSN-EVAL01) to relay the source's data to the destination. proposed optimal TS factor setting in AF mode, as shown in Corollaries 1 and 2. It can be observed that for the conventional TS factor setting, the approximated expressions are very tight for the threshold SNR regions γ 0 ≥ 65 dB and γ 0 ≤ 50 dB, as stated in Corollary 2. For the proposed (optimal) TS factor setting, the simplified throughput expressions (26a) and (26b) are very tight over the entire threshold SNR regions. Clearly, as γ 0 → 0, the proposed optimal TS factor design can achieve a higher limiting throughput efficiency (i.e., 0.5) than the conventional TS factor, which agrees with Corollaries 1 and 2. Fig. 4 plots the throughput efficiency of the proposed optimal TS factor setting in the DF mode. From the figure, we can observe that the scaling law of the throughput efficiency for γ 0 → ∞ is valid such that the scaling curves are parallel to the throughput curves for sufficiently high threshold SNR, as predicted in Corollary 4. 5 shows the throughput efficiency of the lowcomplexity TS factor setting for the AF mode. From the figure, it can be seen that the approximated result presented in Proposition 5 is very accurate over the entire threshold SNR regions. Also, the scaling law presented by Corollary 5 is parallel to the simulated curves in the medium and high threshold SNR regions. Fig. 6 validates the throughput lower bound in Proposition 6 as well as the approximated throughput efficiency given by Corollary 6. It can be seen that both the lower bound and the approximated results are very tight over the entire threshold SNR regions. In addition, it is clear that the limiting throughput efficiency for γ 0 → 0 is 0.5, as predicted by Corollary 6. Fig. 7 illustrates the energy accumulation process of different TS-based EH relaying protocols for DF mode. It follows from Fig. 7 that with regard to the number of accumulated energy peaks during the first 50 blocks, the proposed optimal TS factor setting contains 4 peaks, the proposed lowcomplexity TS factor setting contains 5 peaks, whereas the conventional TS factor setting contains 10 peaks. In other words, the proposed optimal/low-complexity TS factor setting can make full use of the harvested energy to transmit information such that excess energy accumulation is avoided, which in turn leads to a superior throughput efficiency. Fig. 8 compares the throughput efficiency of the proposed EH-AF relaying protocol with that of the conventional EH-AF relaying protocol [20] . Herein, the throughput curves of the conventional EH-AF relaying protocol are plotted with the optimal transmit power setting at the EH relay. From the figure, we can observe that the proposed EH-AF protocol outperforms the conventional EH-AF protocol due to the adaptive PS factor and transmit-power setting at the EH relay. Specifically, at τ = 0.4, the proposed protocol [20] .
can provide more than 8.6 dB threshold SNR gain, whereas at τ = 0.3, the proposed protocol can provide a threshold SNR gain of more than 5.8 dB over the conventional one. In particular, it is noteworthy that for a given throughput efficiency, the threshold SNR gain of the proposed protocol over the conventional one is very stable over a wide transmit power range (i.e., P s = 25 dBm∼35 dBm). Fig. 9 performs a similar analysis of Fig. 8 , but assuming EH-DF relaying protocol. The same conclusions hold. Fig. 10 illustrates the improvement in throughput efficiency (also known as "throughput efficiency gain") of the proposed protocols over the conventional ones. Herein, the optimal transmit power setting is adopted at the EH relay for the conventional protocols. From the figure, we can observe that for a given threshold SNR setup, the throughput efficiency gain in AF mode is very close to the counterpart in DF mode. Also, for both AF and DF modes, the throughput efficiency Fig. 9 .
Comparison of the proposed EH-DF relaying protocol and the conventional one with optimal P r [20] . Fig. 10 . Throughput efficiency gain of the proposed optimal TS factor setting over conventional one.
gain generally increases with the threshold SNR. In addition, with an increase in the transmit power at the source (i.e., P s ), the throughput efficiency gain decreases for both AF and DF modes. This means that a smaller transmit-power at the source leads to a larger throughput efficiency gain of the proposed protocols over the conventional ones. Fig. 11 compares the throughput efficiency of the conventional and the low-complexity TS factor setting for AF relaying mode. From the figure, we can observe that the throughput efficiency of the low-complexity TS factor setting is superior to that of the conventional TS factor setting especially at low-tomedium threshold SNR region (e.g., γ 0 < 50 dB). Particularly, for sufficiently small threshold SNR, the low-complexity TS factor setting can always guarantee the limiting throughput efficiency 0.5, as stated by Corollary 5. Fig. 12 shows the effect of the relay location on the throughput efficiency in AF mode. Herein, we consider a linear network topology and the distances among nodes satisfy to:
and d 2 being the distances between source and destination, between source and relay, and between relay and destination, respectively. It can be seen from the figure that when the EH relay is placed close to the source or close to the destination, the throughput efficiency of the optimal TS factor and the low-complexity ones can be considerably improved. In particular, when the EH relay is close to the source, the throughput efficiency approaches to its limit 0.5, since in this case wireless energy transfer in the first hop tends to be free of path loss. On the other hand, for the conventional TS factor, due to the fixed transmit-power setting at relay, the throughput performance is not good. Particularly, it is shown that when the EH relay is placed around the center between source and destination, a higher P r is desirable for the conventional protocol. This is because in this case the path loss between relay and destination is heavy and a larger P r can avoid the information outage in the second hop, improving therefore the throughput performance. In contrast, when the EH relay is close to destination, the second-hop path loss is light and a smaller P r is desired for the conventional TS factor setting such that a larger portion of time per block can be used for information transmission to enhance the throughput efficiency.
VI. CONCLUDING REMARKS
By making full use of CSI knowledge at EH relay, this paper first proposed an optimal TS factor setting for dual-hop AF (DF) relaying channel, which can achieve the maximum throughput efficiency for each block. To reduce the CSI overhead at EH relay, low-complexity TS factor design was presented for AF and DF modes, which only needs singlehop CSI to determine the TS factor at EH relay. Theoretical results manifested that for sufficiently small threshold SNR, the proposed optimal/low-complexity TS factor setting can achieve a limiting throughput efficiency of 0.5, which is higher than the counterpart of the conventional protocols. In addition, for sufficiently large threshold SNR, the throughput efficiency of the proposed optimal/low-complexity TS factor approaches to zero in a much slower pace than that of the conventional solutions.
The extension of the proposed TS-based EH relaying protocols to multi-relay scenarios is straightforward. As a whole, the relay selection process can be first implemented to choose one appropriate relay node. And then, the proposed TS-based EH relaying protocols can be carried out. In particular, we can resort to the distributed timer technique to choose relay node in order to lower the implementation complexity [21] . Relying on the CSI knowledge at the candidate relays, we can utilize either dual-hop CSI or the first-hop CSI to perform relay selection in a distributed manner. Specifically, for the proposed optimal TS-factor setting in AF (DF) modes, the best-relay selection scheme can be carried out owing to the dual-hop CSI knowledge at each EH relay [22] . Whereas for the proposed low-complexity TS-factor setting in AF (DF) modes, the partial relay selection scheme can be employed owing to the first-hop CSI knowledge at relays [24] . APPENDIX A -PROOF OF PROPOSITION 1 The throughput efficiency of the proposed AF relaying protocol with continuous-time EH can be formulated as
With the aid of [25, eq. (3.352. 2)], the term E |g i | 2 {α i | |h i | 2 ≥ā} in (A-1) can be expressed as
where 
and substituting (A-2) into (A-1), we can arrive at (22) 
. By plugging (B-1) into (A-2), one can arrive at
Then, by defining D 0
and using the change of variables, it follows that
Next, by using
, a tight approximation to the throughput efficiency can be expressed as (26a). Then, by invoking 1 x+1 < e x E 1 (x) again, we can achieve a simple approximation to the throughput efficiency as shown in (26b). After that, by considering γ 0 → 0 and γ 0 → ∞, we can arrive at the limiting throughput efficiency of 0.5 and (27), respectively. This completes the proof.
B.2 -Proof of Corollary 2
As stated in [20, Th. 1] , the throughput efficiency for the conventional TS-based AF relaying protocol with continuoustime EH is given by
where APPENDIX C -PROOF OF PROPOSITION 3 To facilitate the analysis, as in [20, Th. 3] , we make an assumption that E o = 0, which leads to a throughput lower bound of the conventional EH-DF protocol.
To begin with, we consider the case of n = 0 (i.e., the number of successive EH blocks due to relay outage is zero). In this case, during the considered EH-IT pattern, no information outage occurs in the first hop prior to the i -th block such that the initial energy of the EH relay at the i -th block is equal to 0, i.e., E i (0) = 0. Otherwise, it follows that
. Therefore, the TS factorα i can be expressed as
Accordingly, the throughput efficiency of the i -th block can be written as 
Summarizing (C-5) and (C-6), we can arrive at (35b). Next, we consider the case n = 2. By defining x = |h i | 2 , y = |h i−1 | 2 , and z = |h i−2 | 2 , we can obtain
First, we consider the case 0 <ā ≤ 
which is equivalent to (35c) for the case 0 <ā ≤
for the case
, we have to divide the integral
region into three areas as bellow
where , which is shown as the second case of (35c). This completes the proof of Proposition 3.
APPENDIX D -PROOF OF COROLLARY 3
It follows from Appendix C that the term I 0 corresponds to the first type of EH-IT pattern in Section II.B.2, where the EH-IT pattern is composed of a single EH-IT block. As shown by (C-2) and (C-3), this single EH-IT block pattern dominates the throughput efficiency for sufficiently small γ 0 . This is because when the received SNR threshold γ 0 is sufficiently small, the relay outage in the first hop becomes a small probability event. As a result, we can resort to the dominant term I 0 to attain tight approximation to the throughput efficiency. As γ 0 → 0, we haveā → 0 andb → 0 such that (35a) can be reformulated as
Then, as γ 0 → 0, by ignoring the small probability event I 1 and I 2 , we can arrive at (37 
Similarly, as γ 0 → ∞, ϕ 2 , ϕ 3 , and ϕ 4 can be written, respectively, as 4 ≈ e −ā . Summarizing the foregoing results, we can achieve an approximated expression of the throughput efficiency for γ 0 → ∞ as
which completes the proof of Corollary 3.
APPENDIX E -PROOF OF PROPOSITION 4
To proceed, we make a basic assumption that the available harvested energy at the start of any EH-IT pattern is zero, i.e., E o = 0. This would yield a lower bound for the throughput efficiency. Under this assumption, the TS factor of the i -th block can be written aŝ (E-4) in whichP r is given by (18) . Accordingly, the throughput efficiency of the i -th block can be formulated aŝ By substituting (E-7) into (E-9), we complete the proof of Proposition 4.
